A revised method to determine solubility of nitrogen in dilute pepsin, using 0.0002% pepsin in place of 0.2% in AOAC Official Method 971.09, was tested in 16 laboratories with 12 samples of fishmeal. Results were calculated according to 2 procedures: AOAC Official Method 971.09 and a method described in 1964 by researchers at the Torry Research Station (Aberdeen, Scotland), and generally referred to as the modified Torry method. Variations in the method of shaking and source of pepsin were also investigated. Pepsin solubility values were lower and more variable when calculated by the Torry procedure. The method of shaking apparently affected the result when calculated according to the Torry but not the AOAC method. The source of pepsin had no significant effect on between-laboratory variability, but a comparison of the 2 main sources within one laboratory resulted in highly significant differences. Based on this study, the International Fishmeal and Fish Oil Organization has adopted this new method, using 0.0002% pepsin but keeping the AOAC method of calculation. The type of shaker and source of pepsin are recommended but are not mandatory. The repeatability and reproducibility limits of this new method are 1.6 and 3.3% units of solubility, respectively. D ifferent analytical methods are used to measure the pepsin digestibility of fishmeals. The AOAC Official Method 971.09 (1), which is used in the American Oil Chemists Society (AOCS) Smalley Check Series for fishmeal, uses a strong solution of pepsin (0.2%) and gives high values of digestibility but does not distinguish between fishmeals (2, 3) of different quality. The Torry method (2-4) uses a dilute pepsin solution (0.0002%); however, a survey of current practices by laboratories determining pepsin digestibility revealed that a number of modifications of the Torry method were in use (5). A recent International Organization for Standardization (ISO) method (6) specifies the use of 0.02% pepsin of a defined activity, but this activity definition does not correspond with that described by the major laboratory chemical suppliers. No laboratory surveyed (5) reported using the Internatinal Organization for Standardization (ISO) method, although one laboratory was using 0.02% pepsin.
D ifferent analytical methods are used to measure the pepsin digestibility of fishmeals. The AOAC Official Method 971.09 (1) , which is used in the American Oil Chemists Society (AOCS) Smalley Check Series for fishmeal, uses a strong solution of pepsin (0.2%) and gives high values of digestibility but does not distinguish between fishmeals (2, 3) of different quality. The Torry method (2-4) uses a dilute pepsin solution (0.0002%); however, a survey of current practices by laboratories determining pepsin digestibility revealed that a number of modifications of the Torry method were in use (5) . A recent International Organization for Standardization (ISO) method (6) specifies the use of 0.02% pepsin of a defined activity, but this activity definition does not correspond with that described by the major laboratory chemical suppliers. No laboratory surveyed (5) reported using the Internatinal Organization for Standardization (ISO) method, although one laboratory was using 0.02% pepsin.
Early studies with the Torry method indicated some correlation between pepsin digestibility and protein quality, specifically Net Protein Utilization (NPU), and digestibility in the rat (3) . However, subsequent trials did not substantiate the use of dilute pepsin digestibility as an indicator of protein quality as measured in rat and chick growth assays (7) . Consequently, these methods cannot be used as a measure of the nutritional quality of protein for specific species of animals. It is preferable to define the measurement as nitrogen-soluble in pepsin in HCl as in the ISO protocol (6) with subsequent calculation of nitrogen solubility rather than digestibility. In commercial situations, fishmeal traders specify minimum digestibility levels in contracts using pepsin concentrations more dilute than that specified by AOAC Official Method 971.09 (1) . Consequently, there is a need for a standardized dilute pepsin method of known repeatability and reproducibility for use in contracts trading fishmeal.
From a review of current practices of determining solubility in pepsin/acid (5), we identified potential factors affecting variability in the method (e.g., strength of pepsin and sample particle size) and, where possible, selected appropriate standard conditions as the basis of the method to be tested. Three variables were selected for further study within the interlaboratory study:
(1) The method of calculating solubility in pepsin differs between AOAC (1) and Torry (4) . AOAC calculates pepsin insolubility as the portion of total nitrogen in the sample that is insoluble in acid pepsin solution. Although the method is called pepsin digestibility, the final result is defined as "% crude protein content of sample not digested." For the current comparison, solubility was calculated as the portion of total nitrogen soluble in acid pepsin solution.
In contrast, the Torry method calculates solubility in pepsin as the portion of acid-insoluble nitrogen that is soluble in acid pepsin solution. The difference between the 2 methods is illustrated as follows: let N in feed sample % = a; let N in residue from acid pepsin treatment as % of original sample = b; let N in residue from acid treatment alone as % of original sample = c. AOAC solubility, % = 100 (a -b)/a Torry solubility, % = 100 (c -b)/c Because the acid-insoluble nitrogen (c) may be substantially less than the total nitrogen (a), differences in the method of calculation between laboratories would be a significant source of variation. The current interlaboratory test calculates the data in these 2 ways.
(2) The source of pepsin is not specified in AOAC Method 971.09 (1) , only that it be 1:10 000 activity. However, there is no agreed method for determination of pepsin activity, and suppliers use different units to describe their product. The effect of the source of pepsin on the results was determined.
(3) Laboratories use different mixing equipment, which can be classified either into end-over-end rotating, as described in AOAC Method 971.09 (1) , or the more readily available orbital or reciprocating shakers. The effect of the type of mixer was also determined.
Interlaboratory Study

Organization of the Study
The International Fishmeal and Fish Oil Organization (IFFO; St. Albans, UK) collected 10 fishmeal samples from fishmeal producers in Denmark, Norway, Chile, Peru, the United States, and the United Kingdom. The samples were coded 1-12 (with hidden duplicates) and circulated to 16 participating laboratories. Samples were not preground; this was left to each participating laboratory as part of the whole procedure. Samples 
Analytical Protocol
A detailed protocol for conducting the ring test was circulated to laboratories. This was essentially the same as the procedure finally adopted and given below but with an additional 1.0 g sample treated with 150 mL 0.075M HCl for 16 h at 45 ± 2.0°C, filtered, and the acid-insoluble N determined (result C above, in order to calculate solubility according to the Torry method). In addition, the blank test was a washed filter paper analyzed for N content as specified by AOAC Method 971.09 (1) , and used as a common blank for both the AOAC and Torry procedures. Laboratories were asked to report the N contributed by this blank.
Laboratories were requested to use Merck Pepsin Product No. 
Principle
This method cannot be used as a measure of the nutritional quality of protein for specific species of animals. However, in certain circumstances fishmeal traders specify minimum solubility levels in contracts using pepsin concentrations more dilute than that specified by AOAC Official Method 971.09 (1) .
The purpose of this method is to harmonize the dilute pepsin solubility procedure as a modification to AOAC Official Method 971.09 (1) .
The sample is ground to pass through an ASTM No. 30-32 Screen (0.500-0.595 mm) and digested with a warm solution of pepsin under constant agitation. The insoluble residue is isolated by filtering and is washed and dried. Nitrogen is determined for both the original sample and the insoluble residue, and the solubility in acid pepsin is calculated from the 2 nitrogen determinations. The method is applicable to all fishmeals. 
METHOD
Apparatus
Sample Preparation
Grind sample so that particles pass through ASTM No. 30-32 Screen (0.500-0.595 mm). If it is difficult to grind to this particle size, the fat content may be too high, and the sample should be extracted with petroleum ether for 2 h. Extract a 1.0 g sample weighed to 0.1 mg and use extracted residue for remainder of test by accurately transferring extracted sample to digestion flask. See AOAC Method 971.09E (1) for details.
Pepsin Digestion
Accurately weigh 1.0 g, and record weight to 0.1 mg, ground fishmeal into 200 mL reaction bottle or flask. Add 150 mL 0.0002% pepsin/acid solution. Incubate flask with shaking for 16 h at 45 ± 2.0°C. If orbital shaker unit is used, there should be no particles on wall of flask above pepsin/acid solution.
Treatment of Residue
Filter solution through filter paper on Büchner funnel using gentle vacuum suction. Wash out any remaining particles from flask or bottle with warm distilled water, and transfer to filter. Finally, wash filter and residue with several portions of warm distilled water until they are free from acid.
Determination of Nitrogen
Determine Kjeldahl nitrogen content of original fishmeal sample, according to ISO 5983:1997(E) (8) .
Determine Kjeldahl nitrogen in filtered residue plus filter paper (N r ), according to ISO 5983:1997(E) (8) .
Blank Test
Perform blank test using the same procedure (see Pepsin Digestion and Treatment of Residue) but omitting fishmeal. Determine Kjeldahl nitrogen in washed blank filter paper (N b ), according to ISO 5983:1997(E) (8) . (Note: Correction is needed for significant contamination with N, which may occur in filter paper. In addition, the Kjeldahl method requires its own blank determination. Take care to correct determinations for the appropriate blank depending on Kjeldahl procedure used.)
Calculations
(1) Calculate % nitrogen in original sample (A). 
Statistical Assessment of Results
Data management and computation of various sources of variation were determined by computer programs written specifically for this purpose. Variance component analyses, and analyses of variance were performed with the computer package GENSTAT (Lawes Agricultural Trust, Rothamsted Experimental Station, Harpenden, Herts, UK). The software package SPSS (SPSS Inc., Chicago, IL) was used for principal component analysis and cluster analysis and to produce the resulting diagrams.
Results and Discussion
Initial Screening of Data for Outliers
The primary measurements (A-C) and the calculated Solubilities 1 and 2 averaged for the 12 samples are given for each of the 16 laboratories (Table 1) together with the standard deviation (SD) determined from hidden duplicates (repeatability, s r ) for each laboratory. A consideration of these mean values indicates Laboratories 8 and 14 returned low values for both Solubilities 1 and 2, which can be traced to exceptionally high values for B, the acid and pepsin-insoluble residue.
The data were subjected to a battery of tests to determine the presence of outlier laboratories. A principal component analysis was performed by using the 5 variable mean values displayed in Table 1 . Principal component analysis involves calculating those linear functions of correlated variables which progressively account for the maximum amount of variation. It is essentially an orthogonal transformation of axes. If the first 2 principal components account for most of the variation in the system, these may then be plotted in 2 dimensions to give a visual approximation of the "picture" in multidimensional space. The principal component plot, shown in Figure 1 , identifies Laboratories 8 and 14 as being different from the remaining group of laboratories.
A cluster analysis examined the grouping of laboratories in more detail using the same data. The resulting dendrogram is shown in Figure 2 . Starting with the entire set as single laboratories, the laboratories were combined either singly or in groups to minimize the "Within Group" sum of squares. This quantity started with the value zero. The length of the horizontal line when new groupings were formed represents the increase in the sum of squares. Figure 2 clearly shows the increased variance when Laboratories 8 and 14 were added to the remainder. In addition, Laboratories 4, 9, 10, 15, and 16 formed a second group which differed little among themselves but were different from the remaining group of Laboratories 1-3, 5-7, 11, and 13.
Finally, the data were subjected to the Grubbs test (9, 10) and removal of Laboratory 8 and then Laboratories 8 and 14 significantly (p < 0.025) reduced the SD for measurement B and for the derived Solubilities 1 and 2, but had no significant effect on measurement C or measurement of feed N (A). Therefore, these 2 laboratories were regarded as outliers. The main analyses are presented after exclusion of Laboratories 8 and 14.
Filter Paper Nitrogen
The amount of nitrogen in a washed filter paper varied considerably from 0 to 0.82 mg nitrogen per paper used, with a mean of 0.25 mg nitrogen, SD ± 0.245. Consequently, it is rec- ommended that a blank determination be made in which the complete procedure is followed but the sample is omitted.
Repeatability and Reproducibility
The primary measurements and calculated Solubilities 1 and 2 averaged across all laboratories for each meal as well as the between-laboratory SDs (reproducibility, s R ) for each sample are shown in Table 2 . The between-laboratory variability, expressed as percentage of the sample mean (relative standard deviation, RSD R ), is large for the measurement of nitrogen insoluble in acid pepsin (B) because the amount of residual nitrogen is very small. The amount of nitrogen insoluble in acid alone (C) was 60.4% (SD ± 9.64) of the total nitrogen (A), resulting in a substantially lower estimate for Solubility 1 (Torry) than Solubility 2 (AOAC), with an accompanying greater between-laboratory variability, especially when expressed as a percentage of the lower mean value (RSD R ). Table 3 gives the hidden duplicate SD pooled across laboratories (repeatability, s r ). Omitting Laboratories 8 and 14 had no appreciable effect on repeatability estimates. Table 3 also gives the between-laboratory SD pooled across all samples (reproducibility, s R ). Omitting Laboratories 8 and 14 substantially reduced the reproducibility estimates for measurement B and the derived solubility values (but not C or A). However, even after excluding outliers, reproducibility was approximately twice as great as repeatability, indicating a substantial contribution of laboratories to the variance. This was investigated in the subset of pairs of hidden duplicates (excluding outliers) where it was possible to identify the 2 components of variance, the variance component due to repeatability within-laboratories (s 2 r ), and the variance component purely due to between-laboratories (s 2 L ). The results indicate that the laboratory component was of the same order of magnitude as the error of determination within one laboratory (Table 3) . The reproducibility variance for a single determination made by a randomly selected laboratory is expected to be the sum of these 2 components (s 
Effect of Type of Mixer and Source of Pepsin
Ten laboratories used orbital shakers; 4 used rotating shakers. Eight laboratories used the recommended pepsin from Merck; 6 used other sources, which were pooled together for statistical analysis. They included 2 from Sigma (St. Louis, MO) Pepsin A 1:10 000 porcine; 2 from Difco (Detroit, MI); and one from US Biochemical 1:10494 (Cleveland, OH). Another laboratory used pepsin from Saarchem Unilab (Krugersdorp, South Africa) which was assayed and adjusted to the required activity. Laboratory 9 reported results obtained with pepsin from both Merck and Sigma. For Laboratory 9 only the data using Merck pepsin was used in all the main analyses. A separate within-laboratory comparison investigated the effect of the 2 sources of enzyme. No laboratory used the combination of Merck pepsin and rotating shaker. Thus, the effects of mixer and source of pepsin are confounded, and firm conclusions cannot be made.
Comparisons were made for each factor separately, ignoring the imbalance of the second factor. The means according to the classification for each factor are given in Table 4 . The type of mixer used had a small effect. Less nitrogen remained after the acid pepsin (B value) when orbital shaking was used, but the difference was not significant (p > 0.05). In contrast, less nitrogen remained after shaking in acid alone (C value) with the rotating shaker, but again the difference was not significant. In the calculation of Solubility 1 (Torry) these 2 trends have a combined effect, giving a greater solubility with orbital than with rotating shaking (p < 0.05). The variances did not differ significantly according to type of shaker.
Although the differences in the B and C values were not significant, they suggest that solubilization with enzyme proceeded best under gentle conditions of orbital shaking, and loss of solubility through material being deposited on vessel walls out of the solution was not a problem. In contrast, solubility in dilute HCl alone seems to have been enhanced by the more vigorous shaking conditions in the end-over-end rotating shaker. The lack of a significant effect of type of mixer on Solubility 2 (AOAC) is one reason for preferring the AOAC In the between-laboratory comparison, the source of pepsin had no significant effect on the measured parameters or calculated solubilities. Nor was there any statistical evidence of difference in variance between the 2 groupings. However, Laboratory 12 reported the lowest amount of acid pepsin-insoluble nitrogen. This laboratory also used pepsin from Saarchem Unilab, which required adjustment of the amount used to achieve the desired activity. The 2 outlier laboratories reporting very high amounts of acid pepsin-insoluble nitrogen, and consequently the lowest solubility values, both used Sigma pepsin, but 2 other laboratories using the same pepsin source reported values within the range of the Merck enzyme. In contrast, the within-Laboratory 9 comparison found the amount of nitrogen insoluble in acid-pepsin (variable B) was significantly smaller when pepsin from Sigma rather than that from Merck was used (mean difference over all samples 0.08, standard error of the difference ± 0.018, p < 0.001).
As expected, there was no significant difference in the acid-insoluble nitrogen (variable C). The solubility values were correspondingly greater with the Sigma pepsin (Solubility 1, mean difference 1.31, standard error of the difference ±0.269, p < 0.001; Solubility 2, mean difference 0.76, standard error of the difference ±0.167, p < 0.001). Using Sigma pepsin, Laboratory 9 gave the highest solubility values of all laboratories by both methods of calculation. Although the Sigma product (P7000) is catalogued as 1:10 000 (assayed by its suppliers with egg albumen used as substrate), it was assayed separately by Sigma by a different method, with hemoglobin as substrate and listed as having activity of 800 to 2500 units/mg protein. For 18 lots produced between 1995 and 2000, the mean activity was 1020 units/mg protein, with a range of 859-1310 units/mg protein (Sigma Technical Services, personal communication). There was no relationship between the pepsin activity determined by the supplier with egg albumen and that determined by Sigma with hemoglobin.
It is not known whether the pepsin preparation was adjusted to give constant activity per unit weight of powder, or whether the difference in activities expressed on a weight versus protein basis represent differences caused by substrate and assay method. Consequently, it seems prudent to specify the use of one source of enzyme with a constant activity determined by a recognized analytical method. For this reason, the use of Merck pepsin is recommended; however, if other sources are used, the pepsin activity must be determined by the FIP method used by Merck. Table 5 summarizes the nitrogen determination of fishmeal samples and solubilities calculated by the 2 methods. All laboratories were able to determine nitrogen in fishmeal with acceptable repeatability (mean RSD r = 0.70%, range 0.2-1.4% for different laboratories) and reproducibility (mean RSD R = 1.14%, range 0.6-2.2% for different samples). Because 40% of fishmeal nitrogen was soluble in acid alone [mean of 100 (A-C)/A; Table 1 ], Solubility 1 (Torry) reflects the effect of pepsin on only 60% of the whole nitrogen. This results in a substantial difference in solubility values calculated by the 2 methods. In every laboratory, Solubility 1 was lower than Solubility 2 (mean difference 3.01 ± 0.16, p < 0.001). In the Torry method, the 40% of nitrogen that is soluble in acid alone is neglected or identified as the blank in order to measure the solubilizing action of pepsin per se.
Comparison of Methods
When the Torry method is used to describe fishmeal in terms of potential digestibility, it assumes that the acid-soluble material is of the same digestibility as the acid-insoluble fraction. However, material that is soluble in dilute HCl alone in the laboratory is also likely to be readily solubilized and digested in the animal. In contrast, this fraction is included in the AOAC definition of pepsin-digestible protein. Furthermore, the determination of acid-insoluble nitrogen was more variable both within-and between-laboratories than either the acid pepsin-insoluble or the total nitrogen (Table 3) . Consequently, the Torry method of calculation not only results in lower estimates of nitrogen solubility but also a greater variability both within-and between-laboratories when expressed in absolute SDs (Table 3) and even more so when expressed as RSDs (Table 5). For example, using the within-laboratory SDs based on hidden duplicates, the ratio for Solubility 1:Solubility 2 was 2.22 ± 0.150, significantly different (p < 0.001) from the Null Hypothesis value of 1.0. When the same sample is analyzed twice within one laboratory, the difference in absolute value between the estimates should not exceed the repeatability limit (Table 5) in 95% of occasions. Thus, by using a single analysis on each of 2 fishmeals, laboratories can distinguish between 2 meals differing in crude protein by 1.38% units (>0.22 × 6.25), whereas solubility in dilute pepsin needs to differ by 3.05% units when calculated by the Torry method, but only by 1.57% units by the AOAC method. Similarly, the absolute difference between 2 single test results, obtained by the same method on identical test material in different laboratories, by different operators using different equipment, should be less than the reproducibility limit ( Table 5 ) in 95% of cases. Analyses in different laboratories of the same sample could differ by as much as 5.23% units calculated by the Torry method, and 3.38% units by the AOAC method. Correspondingly, different meals analyzed in different laboratories would have to differ by at least these amounts before they could be considered different.
The regression of the mean values (Table 2) for Solubility 2 (AOAC) on Solubility 1 (Torry) for each of the samples gave: Solubility 2 = 0.6324 (Solubility 1) + 37.03; R 2 = 0.922 Solubility 1 (Torry) gives a lower but extended scale than Solubility 2 (AOAC) with a good relationship between the 2 methods of calculation, but with slope and intercept that are greatly different from unity and zero, respectively. The greater scale of the Torry method (a range of 14% units, 83-97 in the present samples compared with a range of 9% units, 89-98) is offset by the 94% greater within-laboratory variability, and 60% greater between-laboratory variability. Consequently, the Torry method of calculation is not more discriminatory between samples. In addition, the Torry method requires an extra nitrogen determination of acid-insoluble nitrogen. Therefore, for several reasons, the AOAC method of calculation is preferred. Table 1 displays how the solubility (for each of the laboratories) with the AOAC method was greater than that of the Torry method, whereas the hidden duplicate SD was invariably less with the AOAC method. Table 2 confirms the higher solubility for each of the 12 samples analyzed, and a lower between-laboratory SD for the AOAC method. Tables 3-5 , which summarize previous tables, simply emphasize the overall superiority of the AOAC method of calculation, both on grounds of solubility and variability of the methods, calculated in different ways.
Details of the new method adopted by International Fishmeal and Fish Oil Organization (IFFO) as its official method are presented in this paper. The type of mixer and source of pepsin are recommended but are not mandatory. Although adoption of a common method may help reduce apparent discrepancies between laboratories apparently reporting the same analysis, attention is drawn to the quite large repeatability and reproducibility limits (Table 5) relative to the range of values (88-98) likely in normal commerce. Thus, within the same laboratory, differences between fishmeals of <1.6% solubility units cannot be distinguished. When the same fishmeal is analyzed in 2 different laboratories, differences up to 3.3% solubility units are to be expected.
